Repair of ligaments and tendons requires scaffolds mimicking the spatial organisation of collagen in the natural tissue. Electrospinning is a promising technique to produce nanofibres of both resorbable and biostable polymers with desired structural and morphological features. The aim of this study was to perform high-resolution x-ray tomography (XCT) scans of bundles of Nylon6.6, pure PLLA and PLLA-Collagen blends, where the nanofibres were meant to have a predominant direction. Characterisation was carried out via a dedicated methodology to firmly hold the specimen during the scan and a workflow to quantify the directionality of the nanofibres in the bundle. XCT scans with 0.4 and 1.0 μm voxel size were successfully collected for all bundle compositions. Better image quality was achieved for those bundles formed by thicker nanofibres (i.e. 0.59 μm for pure PLLA), whereas partial volume effect was more pronounced for thinner nanofibres (i.e. 0.26 μm for Nylon6.6). As expected, the nanofibres had a predominant orientation along the axis of the bundles (more than 20% of the nanofibres within 3°and more than 60% within 18°from the bundle axis), with a Gaussian-like dispersion in the other directions. The directionality assessment was validated by comparison against a similar analysis performed on SEM images: the XCT analysis overestimated the amount of nanofibres very close to the bundle axis, especially for the materials with thinnest nanofibres, but adequately identified the amount of nanofibres within 12°.
Introduction
Injuries of tendons and ligaments are still an unsolved clinical problem, and surgical treatments are far from satisfactory (Santos et al., 2017) . Tendon and ligaments such as the rotator cuff, the anterior cruciate ligament and the Achilles tendon are among the most commonly injured tissues in relation to both sporting activities and degenerative process associated with chronic inflammation (Harvie et al., 2004; Rees et al., 2006; Woo et al., 2006; September et al., 2007) . The repair of these tissues is particularly difficult because their complex hierarchical structure, composed of predominantly aligned collagen fibres at different levels of aggregation (Kastelic et al., 1978; Kannus, 2000; Goh et al., 2014 ) , is difficult to replicate. Another critical aspect is given by the difficulty in restoring the natural mechanical properties, which are intrinsically nonlinear (Goh et al., 2014; Santos et al., 2017) after an injury. Among all the strategies to manage these kind of injuries tissue engineering is very promising, as it allows regeneration of the native tissue (Santos et al., 2017) . Thanks to its capability to produce nanofibres from polymeric solutions of both resorbable and biostable materials, electrospinning is one of the most promising technologies in the field of regenerative medicine (Uquillas et al., 2017) . In fact, electrospinning technology allows to fabricate scaffolds that reproduce the structure of collagen fibrils (Verdiyeva et al., 2015) . In order to increase the mechanical properties of the nanofibrous mats, 3D scaffolds of both aligned and twisted nanofibres (called respectively bundles and yarns) were proposed (O'Connor & McGuinness, 2016) . In particular the multiscale morphology of the bundles is also suitable to mimic the multiscale morphology of tendon and ligament fascicles (O'Connor & McGuinness, 2016) .
Generally, the morphological investigation of electrospun mats, bundles and yarns is performed using scanning electron microscopy (SEM) (Verdiyeva et al., 2015; O'Connor & McGuinness, 2016) . This characterisation technique, however, only produces information related to the morphology of the surface, and does not allow examining the internal volume of the scaffolds. To overcome this limitation, x-ray computed tomography was employed to study electrospun polymeric fibres. Microcomputed tomography (micro-CT) is available from the late eighties with a resolution down to few micrometres (Flannery et al., 1987; Dover et al., 1989) . More recently, high-resolution x-ray tomography systems with a submicrometre resolution have become available and are referred to as XCT in this paper. However, XCT imaging of electrospun fibres poses a number of technical issues: (i) the low attenuation of the polymeric fibres; (ii) the difficulty in avoiding micromovements of the specimens (which are highly deformable) during imaging, which would produce artefacts and (iii) the difficulty to conjugate nanometric dimension of the fibres and high-resolution in terms of voxel size of the scans. For these reasons, only few studies employed high-resolution XCT imaging of electrospun nanofibres, mostly referring to random nano/microfibrous electrospun mats. Farrugia et al. (2013) produced tomographic images with a voxel size of 0.79 μm of a poly(ε-caprolactone) electrospun scaffold made of random microfibres with a mean diameter of 7 μm, estimating the porosity of the scaffolds. The composition of the scaffolds and the micrometric diameter of the fibres allowed to clearly distinguish the fibres' contours. Kogikoski et al. (2017) used tomographic images with a voxel size of 3.37 μm to visualise mats of random nanofibres (mean diameters 0.6-0.3 μm) of poly(ε)-caprolactone (PCL) with polyaniline (PANI) doped with the amino acid N-acetyl-L-cysteine (NAC) blends. Also in that work the porosity was investigated. However, as the voxel size exceeded the fibres, diameter visualisation of the individual fibres was not possible, but just an overview of the density of the scaffolds was showed. Bradley et al. (2017) acquired tomographic images with submicrometre resolution (0.13 μm of voxel size) to investigate the cells' infiltration on electrospun microfibrous (mean fibre diameters 4 μm) mats of poly(lactide-co-glycolide) (PLGA). Thanks to the segmentation and the postprocessing methods, but also to the voxel size being one order of magnitude lower than the diameters of the fibres, the fibres' contours and the cells were highly defined. However, due to the small voxel size selected, just a short portion of the samples was scanned.
Moving from mats of electrospun fibres to more complex configurations, such as bundles or yarns, the difficulties related to centring the specimen in the scanner x-ray microscope, and to micromovements during the scans increase dramatically. Just two works were presented in the literature about tomographic scans on electrospun bundles and yarns for tendon and ligament regeneration. Bosworth et al. (2013 Bosworth et al. ( , 2014 showed tomographic images, with a voxel size of 0.61 μm, of electrospun nanofibrous yarns of PCL (mean fibre diameters 0.4 μm) as-spun and after cell culture. Their tomograms allowed showing the bundles surface and the regenerated tissue on their surfaces. However the fibres' contours were not clearly distinguishable, due to a significant partial volume effect. Very recently, tomographic scans with a resolution of 0.33 μm were produced using synchrotron x-ray phase contrast imaging of mats of biodegradable polyester nanofibres with diameters between 1.9 and 3.7 μm (Maksimcuka et al., 2017) .
One limitation of most of the works mentioned above is that the electrospun samples (either mats, or yarns or bundles) were placed inside a plastic tube for the scans to avoid micromovements due to the flexibility of the scaffolds. The outer diameter of the tube forces to enlarge the volume of interest, thus reducing the resolution of the scan. Furthermore, the tube adds a shielding effect to the electrospun samples: even if the tube is made of a similar material, it adds significant absorption because its walls are much thicker, and because the tube material does not have significant porosity. This can result in a loss of image quality. Recently, Sensini et al. (2017) investigated electrospun bundles of aligned nanofibres of PLLA and collagen blends (mean fibre diameters of 0.3 μm), including a XCT feasibility study with a voxel size of 0.4 μm. In that study, the individual fibres were well-defined, and no artefacts due to micromovements were observed.
The aims of the present study were (1) to acquire highresolution x-ray tomography scans of electrospun nanofibrous bundles made of pure PLLA, Nylon6.6 and PLLA/Coll blends in different percentages and (2) to define a postprocessing workflow on the XCT scans to evaluate the alignment of the nanofibres in all the bundles' volume. In order to validate the alignment based on XCT, a similar investigation was performed on SEM images.
Materials and methods

Electrospun bundles preparation
Polymeric solutions were obtained using the reported materials: acid soluble collagen type I (Coll) from bovine skin kindly provided by Kensey Nash Corporation d/ b/a DSM Biomedical (Exton, USA); Poly-L-lactic acid (PLLA) (Lacea H.100-E, Mw = 8.4 × 104 g mol −1 , PDI = 1.7) was purchased from Mitsui Fine Chemicals (Dusseldorf, Germany); Nylon6.6 kindly provided by DuPont (Wilmington, USA); trifluoroacetic acid (TFA) was purchased by Carlo Erba (Milan, Italy), 2,2,2-trifluoroethanol (TFE), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), dichloromethane (DCM), dimethylformamide (DMF), acetone (AC), N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) were purchased by Sigma-Aldrich (Saint Louis, USA) and used as received. The PLLA samples were produced from PLLA dissolved in a solution of DCM and DMF. The PLLA/Coll-75/25 and PLLA/ Coll-50/50 blends were dissolved in a solution of TFE and HFIP. The Nylon6.6 was dissolved in a solution of TFA and AC. For more details, the reader is referred to our previous work (Sensini et al., 2017) .
A laboratory electrospinning machine (Spinbow Lab Unit, Spinbow S.r.1., Bologna, Italy), equipped with a linear sliding spinneret (two syringes for PLLA and PLLA/Coll blends; four syringes for Nylon6.6) and a high-speed rotating drum collector (diameter = 150 mm; length = 500 mm; rotational speed = 2900 revolutions per minute), was used to produce mats of aligned nanofibres as shown in Figure 1 (A). To electrospin the solutions a syringe pump (KD Scientific 200 series, Holliston, USA) and glass syringes connected to stainless steel blunt-ended needles with Teflon tubes were used. Electrospinning was performed at room temperature and relative humidity 20-30%. The pure PLLA, PLLA/Coll-75/25 and PLLA/Coll-50/50 blends were electrospun with the parameters previously reported (Sensini et al., 2017) . Nylon6.6 was electrospun with 20 kV voltage, 0.5 mL h -1 flow rate per syringe and 160 mm needle-collector distance. After the spinning sessions, the mats of electrospun aligned nanofibres were cut in strips and manually wrapped to obtain bundles with mean diameters of 550-650 μm as shown in Figures 1(B) -(D). This diameter is in the same range as tendon and ligament fascicles (Kastelic et al., 1978; Kannus, 2000; Goh et al., 2014) . The bundles of PLLA/Coll-75/25 and PLLA/Coll-50/50 were crosslinked by immersion for 24 h at room temperature in a crosslinking solution of EDC and NHS 0.02 M in ethanol and distilled water (adapted from Kim et al., 2005) .
XCT imaging
The three-dimensional high-resolution scans were acquired using a XCT (Versa 510, ZEISS, Pleasanton, CA, USA), with two different isotropic voxel sizes for the reconstructed images. XCT scans of one specimen for each composition (Nylon6.6, pure PLLA, PLLA/Coll-75/25 and PLLA/Coll-50/50 as-spun and immediately after crosslinking) were acquired. In order to eliminate artefacts caused by micromovements, custom made rectangular masks (31 mm × 8 mm × 0.5 mm) made of polyethylene terephthalate (PET), with a central rectangular window (13 mm × 5 mm), were used to stabilize the bundles in the XCT chamber. Specimens of 36 mm in length were mounted vertically in the centre of the windows, with the extremities fixed on the masks with bicomponent glue as shown in Figure 2 (AI). This solution was adapted from a first prototype previously applied in a feasibility study of XCT on PLLA/Coll bundles (Sensini et al., 2017) .
Settings used for each voxel size were as follows: 
Postprocessing: analysis of directionality from XCT images
The images were reconstructed using the Scout-and-Scan Reconstructor software (ZEISS) and were visualised using XM3DViewer1.2.8 software (ZEISS). Before the Directionality analysis, the XCT stack of cross-sectional slices of each bundle were axially resliced using the command Reslice of ImageJ Figure 2 (AII). In order to quantify the directionality of the nanofibres, the scans at 0.4 μm of voxel size of all compositions were analysed with ImageJ (Liu, 1991) , using a dedicated plugin called Directionality (Schindelin et al., 2012; Schneider et al., 2012) . The Directionality histogram reported the amount of nanofibres as a function of the fibre orientation using a Local Gradients orientation method applied to each slice. The mean and standard deviation between slices were then computed.
SEM imaging
SEM observations were carried out using a Phenom ProX (Eindhoven, the Netherlands) at an accelerating voltage of 15 kV, on samples sputter-coated with gold (Fig. 2BI ). For each of the bundle compositions (i.e. Nylon6.6, pure PLLA, PLLA/Coll-75/25 and PLLA/Coll-50/50 both as-spun and crosslinked), 10 images were acquired with a magnification of 8000×. The diameter of the nanofibres was measured on the SEM images using the software ImageJ (Liu, 1991) . The distribution of diameters (mean and standard deviation) was measured for about 200 nanofibres, for each bundle composition.
Validation of XCT imaging based on SEM images
In order to validate the Directionality investigation on the XCT scans of the bundles, the same directionality investigation was performed as a comparison, on 10 SEM images for each of the compositions, as shown in Figure 2 (BII).
Results
Bundles nanofibres morphology from SEM and XCT imaging
All the bundles in the different compositions had a mean diameter in the range of 550-650 μm as measured in the SEM images. Furthermore, the SEM investigation revealed that the nanofibres for each composition and each treatment condition had a well-defined morphology with no defects such as beads, as shown in Figure 3 . The nanofibres had comparable diameters (mean and standard deviation) for all compositions The specimen mounting setup for the XCT scans successfully prevented the artefacts of micromovements, while permitting to centre the bundle in the scanning window of the XCT as shown in Figure 2 (AI). After the three-dimensional reconstruction at both voxel sizes, sharp high-resolution images were successfully obtained, as shown in Figures 4 and 5. The reconstructions with 1.0 μm voxel size provided an overview of the each specimen. At 0.4 μm voxel size, the nanofibres were clearly distinguishable. Such high-resolution images allowed zooming-in a section of the specimens, both on its surface and inside the volume of the bundles.
The XCT images highlighted some loss of material inside the bundles of the two PLLA/Coll blends, due to the crosslinking process, as shown in Figure 5 .
Directionality of the nanofibres from XCT images
For all the bundles, the Directionality analysis on the XCT stacks confirmed a preferential alignment of the nanofibres, which were predominantly close to the axis of the bundle, and with a progressive Gaussian-like dispersion (Figs. 6-8) . The single-polymer bundles presented lower peaks in the range of 0°-3°(Nylon6.6 29.5% ± 2.4% and PLLA 21.5% ± 1.8%) compared to the PLLA/Coll blends, both as-spun (PLLA/Coll-75/25 as-spun 38.4% ± 4.3% and PLLA/Coll-50/50 as-spun 39.4% ± 3.5%) and crosslinked (PLLA/Coll-75/25 crosslinked 31.4% ± 2.5% and PLLA/Coll-50/50 crosslinked 35.3% ± 2.7%). A small fraction of nanofibres were oriented in the range of 87°-90°for the single-polymer bundles (Nylon6.6 0.4% ± 0.1% and PLLA 0.6% ± 0.1%), the PLLA/Coll blends, both as-spun (PLLA/Coll-75/25 as-spun 0.5% ± 0.2% and PLLA/Coll-50/50 as-spun 0.4% ± 0.1%) and crosslinked (PLLA/Coll-75/25 crosslinked 0.5% ± 0.1% and PLLA/Coll-50/50 crosslinked 0.4% ± 0.1%).
Validation of XCT imaging against SEM images
The comparison between the XCT and SEM images focused on the analysis of Directionality. The analysis of the XCT stacks resulted in a higher estimation of the axial alignment of the nanofibres: for all the compositions, the amount of nanofibres in the 0°-3°range was systematically higher when estimated from the XCT scans than from the SEM images (Figs. 6-8 ). In the range from 3°to 21°(for Nylon6.6) or 24°for the other compositions, the XCT underestimated the amount of nanofibres, compared to the SEM images (the discrepancy was smaller compared to the 0°-3°range). The discrepancy between the amount of nanofibres between 21°and 90°esti-mated from the XCT scans and SEM images was well below 1%, for all the compositions. The largest amount of nanofibres in the 0°-3°range were measured in the XCT scans of the PLLA/Coll blends. The differences between the XCT and SEM amount histograms in the 0°-3°range were relatively small for the Nylon6.6 (3.2% discrepancy) and the PLLA (0.8%). The differences between the XCT and SEM were larger for the blends containing collagen (15.6% for the PLLA/Coll-75/25 as-spun, 12.6% for the PLLA/Coll-75/25 crosslinked and 13.6% for the PLLA/Coll-50/50 as-spun, 14.9% for the PLLA/Coll-50/50 crosslinked).
The discrepancy between the amount of nanofibres estimated based on the XCT scans and SEM images was smaller if a larger range of angles was considered (0°-12°): the difference for the PLLA/Coll blends did not exceed 2%; the largest difference was found for the Nylon6.6 (10% difference) and pure PLLA (6% difference).
Discussion
The first aim of the present study was to obtain XCT scans of electrospun bundles of different materials in order to compare their morphology with the multiscale structure of tendon and ligament fascicles and fibrils (Kastelic et al., 1978; Kannus, 2000; Goh et al., 2014) . For this reason, we developed a setup to avoid micromovements during the XCT scans, and we defined a postprocessing workflow on the XCT scans to evaluate the alignment of the nanofibres in all the bundles' volume. To validate the alignment measured from the XCT, a comparison was performed against a similar investigation with SEM images (SEM).
We produced bundles of nanofibres of biostable and resorbable materials, morphologically and hierarchically similar, in terms of diameters and fibre alignment to the fascicles and fibrils of the human tendons and ligaments (Kastelic et al., 1978; Kannus, 2000; Goh et al., 2014; Fang & Lake, 2016; Radaelli et al., 2017) . The surface morphology and alignment of the nanofibres were assessed through SEM investigation (Fig. 3) . In order to analyse the 3D-morphology of the bundles and verify the alignment of the nanofibres even in their internal part, an XCT characterisation with two different voxel sizes (1.0 and 0.4 μm) was performed on all the different compositions (Figs. 4 and 5) . For all the compositions, sharp XCT scans were obtained, for both voxel sizes (Figs. 4 and 5) . The two different voxel sizes were chosen to have an overview of the bundles (1.0 μm) and a zoom-in on the fibres (0.4 μm). Because of the nanofibres diameters (550-250 nm), increasing the resolution of the scan resulted in a better detection of the fibres contours (Figs. 4 and 5) , basically because a 0.4 μm voxel is more likely contains just one nanofibre. In fact, when increasing the dimension of the voxel more than one fibre could be contained in the same voxel, thus making it impossible to identify the nanofibres individually.
No images were affected by artefacts caused by micromovements and were sufficiently sharp to allow identification of the individual nanofibres. The main element to prevent micromovements of such slender specimens was the fixture developed to hold the bundle during XCT imaging (Fig. 2) . This dedicated setup allowed placing the x-ray source and detector of the XCT as close as few millimetres to the specimen surface. Furthermore, the design of the support fixture did Fig. 6 . Comparison between the Directionality measured on the XCT at 0.4 μm voxel size (blue bars) and SEM images at 8000× magnification (orange bars) for two compositions: (A) Nylon 6.6 bundles and (B) pure PLLA bundles. An angle of 0°means that the nanofibres were aligned with the axis of the bundles, an angle of 90°means that the nanofibres were perpendicular to the bundle. Mean and standard deviation between images of the same specimen are plotted.
not enclose the specimen into any additional material, which could compromise the scan quality. Other works on electrospun materials used polyamide tubing (Bosworth et al., 2014) or Kapton tubing (Bradley et al., 2017) as a support for the specimen during XCT imaging. With this configuration, it is difficult to obtain a correct contrast between the walls of the tubing and the bundles, because of the low absorption of the electrospun polymers, as well as additional attenuation due to the tube itself.
The Directionality analysis on the XCT scans, confirmed a preferential axial alignment in the range of 0°-3°for all the bundles, and a progressive dispersion of the nanofibres in the range of 3°-90°. This is similar to the physiological dispersion of collagen fibrils in the tendons and ligaments (Franchi et al., 2007; Goh et al., 2014; Radaelli et al., 2017) . The fact that most (but not 100%) of the fibres are aligned with the bundle axis is important to mimic the arrangement of the collagen in the tendons and ligaments. In fact, this structure of the bundles is expected to be biomimetic, to promote tissue regeneration, and to provide a nonlinear mechanical response similar to that of the natural tissue (Goh et al., 2014) . A related study has shown that three-dimensional multiscale morphology of scaffolds similar to those in the current study, as well as the particular use of PLLA/Coll blends permitted the bundles to better reproduce the biomechanical properties of human tendon and ligament fascicles (Goh et al., 2014; Sensini et al., 2017) .
The comparison between the Directionality analyses performed on the XCT scans and SEM images showed generally a good agreement. It must be noted that the SEM inspection was assumed as a ground truth; however, SEM inspection only addresses the specimen's surface, whereas it cannot access the inner volume. The Directionality tests were performed on all the XCT stacks for each specimen (about 900 slices), whereas for the SEM, the analysis relied on 10 images from the surface of each bundle. This can partially explain the difference between XCT and SEM assessment of directionality. The largest discrepancy between the two examination methods was found in the estimation of the amount of nanofibres aligned within 3°from the axis of the bundle, where the XCT scan provided a considerable overestimation. Although this discrepancy was within 3% for the bundles of Nylon6.6 and the PLLA, larger discrepancies were observed for the PLLA/Coll blends (between 12.6% and 15.6%). However, if a larger range of directionality was considered (i.e. 0°-12°), better agreement was found between directionality assessed from XCT scans and SEM images (2% discrepancy for the PLLA/Coll blends, 6% for pure PLLA and 10% for Nylon6.6). This seems to indicate that XCT scans are less suited to assess the amount of nanofibres in a very narrow range of angles, whereas they can reliably quantify the amount of nanofibres in a range of 12°. The reason of this behaviour is probably the partial volume effect. The nanofibres of pure PLLA had a mean diameter (0.59 μm) larger than the voxel size (0.4 μm). Thus, most of the nanofibres were clearly distinguishable, and consequently their direction was more accurately captured. Conversely, PLLA nanofibres thinner than the voxel size were not clearly recognised in the XCT scan and therefore they contributed to overestimate the amount Fig. 8 . Comparison between the Directionality measured on the XCT at 0.4 μm voxel size (blue bars) and SEM images at 8000× magnification (orange bars) for the PLLA/Coll-50/50 bundles (A) as-spun bundles and (B) crosslinked. An angle of 0°means that the nanofibres were aligned with the axis of the bundles, an angle of 90°means that the nanofibres were perpendicular to the bundle. Mean and standard deviation between images of the same specimen are plotted.
in the range of 0°-21°. The partial volume effect was more pronounced for the XCT scans of the Nylon6.6 bundles, where the mean diameter of the nanofibres (0.26 μm) was smaller than the voxel size. This effect was further increased for the PLLA/Coll blends as the collagen; in fact it is well-known that it is difficult to obtain tomographic images of the collagen due to its low absorption of x-ray radiation (Balint et al., 2016; Zidek et al., 2016) .
In our study on electrospun bundles, the XCT scans had a greyscale similar to the background, because of the space between nanofibres, and because the nanofibres dimensions. This made the detection of the nanofibres direction even more difficult. To obtain tomographic scans with a resolution of 0.33 μm, synchrotron X-ray phase contrast was used (Maksimcuka et al., 2017) : although this allowed identifying the individual polyester nanofibres (diameter between 1.9 and 3.7 μm), it also caused significant material modification due to the high radiation dose. Some works used contrast agents to enhance radiopacity during CT scans of portions of anterior cruciate ligaments and patellar tendons where the effects of phosphotungstig acid (PTA) and iodine solution (IKI) staining were compared, in order to increase the visualisation of the tissues, down to the fascicle level (Shearer et al., 2014; Shearer et al., 2016) . Unstained rat common carotid artery embedded in paraffin was successfully XCT scanned using a voxel size of 0.5 μm, showing collagen fibrils (Walton et al., 2015) .
Conclusions
We have shown the feasibility of assessing the morphology of electrospun polymeric bundles by means of high-resolution computed tomography (XCT). We were able to quantify the directionality of the nanofibres in bundles with different biostable and bioresorbable compositions that produced a 3D multiscale scaffold able to replicate the morphology of the human tendon and ligament fascicles.
